Lattice yield to tension within practical time and temperatures is determined by the probability of defect formation. Its rate in nanotubes depends in turn on the transition state and activation barrier for the Stone-Wales bond rotations. Systematic ab initio computations of the barriers for the tubes of various symmetries and radii led to accurate calculation of plastic yield strain as a function of temperature and test duration. © 2004 American Institute of Physics. ͓DOI: 10.1063/1.1695630͔
The mechanical properties of carbon nanotubes ͑CNTs͒ have been the focus of many experimental [1] [2] [3] [4] [5] and theoretical [6] [7] [8] [9] [10] [11] [12] [13] [14] studies. Due to a nearly perfect structural organization over the microns of length and a unique strength of bonding, CNTs are extremely strong and resilient. Measurements 2 revealed an exceptionally high CNT elastic modulus, in agreement with ab inito calculations. 6 Beyond the elastic limit, tensile tests found that CNTs can hold large elongation strains, as high as 0.17. 3 Early predictions of CNTs plastic yield 8 via a StoneWales ͑SW͒ 90°bond rotation, 15 led to a large body of work [9] [10] [11] [12] [13] [14] mostly emphasizing the thermodynamic aspect of strength: When subjected to an increasing elongation strain, the SW formation energy ͑of an initial value ϳ3 eV) decreases rapidly and becomes negative beyond a .06 strain ͑specific values vary with chirality͒. 10, 11 In the thermodynamic limit, this strain level causes massive generation of SW defects and therefore overall failure.
According to transition state theory, the probability to overcome the activation barrier (E Ã ) and to form a SW defect grows differently with time (t) and temperature (T), as ϳt• exp(ϪE Ã /T). In other words, the effective height of the ''surmountable barrier'' scales directly with temperature and logarithmically with time. Therefore, the question is of how the results obtained in the thermodynamic limit ͑i.e., hightemperatures and/or infinitely slow applied strain rate͒ must be generalized and modified for the experimental tensile-test conditions ͑room temperatures and finite time͒. First, we must note that a study of room-temperature strain, based on a direct atomistic-level molecular dynamics ͑MD͒ is unfit. The reason is that with the required MD time step (р10 Ϫ15 s), one can cover time scales which are orders of magnitudes smaller than experimental ones. A popular approach is to accelerate the rate reaction by raising the temperature of the system to the point that a SW yield event occurs on the MD attainable time scale. 9 Unfortunately, room-temperature extrapolations based on such a high-temperature approach could be inaccurate, at least in part due to the modified potential energy landscape caused by the thermal expansion.
From the point of view of Debye's temperature of graphene (ϳ2500 K), room-temperature appears as very low. Therefore, a better approach is to perform zerotemperature calculations for the SW transition state ͑TS͒ and, following a TS theory probabilistic treatment, obtain the Arrhenius dependencies and then extract the conditions at which the SW transformation becomes kinetically probable. The first step in this direction 16 was based on a classical potential, which outlines general behavior but lacks numerical accuracy. As a further decisive step toward the realistic evaluation of the yield strain, here, we report detailed calculations based on density functional theory ͑DFT͒, from which we obtained the SW activation barrier dependence on the radius (R), wrapping angle ͑͒ of the CNT, and external strain ͑͒.
Evaluating accurate TSs turned out to be particularly challenging since they typically require a higher level computationally demanding theoretical framework. Our DFT calculations were performed with the Gaussian suite of programs, 17 using the functional of Perdew, Burke, and Ernzerhof 18 and the double zeta quality 3Ϫ21 G basis set. We designed calculations on large hydrogen-terminated clusters and avoid the periodic boundary conditions approach, which would include unquantified interactions with image states. To locate a TS rather than a local minimum, we have applied the synchronous transit-guided quasi-Newton method, 19 led by preliminary TS guesses between the ideal and SW geometries, near the 45°rotation, considering both in-plane and out-of-plane guesses. With this method, the TS search is completely ''hands off'' since there are no additional constraints along the reaction coordinate that could cause unwanted artificial forces and strains. To study the dependence, the TS were optimized under the constraint of fixed distances between pairs of atoms at opposite ends.
First, we examined the kinetic pathways for SW transformation in a flat graphene, where the lowest barrier for bond rotation ͓Fig. 1͑a͔͒ occurs when the bond is tilted roughly 15°out of plane (S ϩ in the notations of Ref. APPLIED PHYSICS LETTERS VOLUME 84, NUMBER 15 12 APRIL 2004 configuration is similar with the one obtained in the context of bond rotation in C 60 . 20 Interestingly, we have found the in-plane 45°-rotated configuration, previously discussed as an approximation to SW-TS 21 ͑and termed S in Ref. 16͒, to be a second-order saddle point, with two imaginary frequencies. A descent along the second imaginary vibration arrived at the S ϩ configuration.
Next, we carried a detailed analysis of the TS-SW in the tubular geometry, both load-free and under . It is worth noting that there are three distinct bond orientations with respect to the axis of the CNT ͓Fig. 1͑a͔͒. Additionally, each single bond might follow clockwise or counterclockwise rotations to reach the final SW state. Selected load-free TS optimized geometries in the ͑5,5͒ and ͑10,0͒ CNTs, when such bonds undergo a counterclockwise SW transformation are shown in Figs. 1͑b͒-1͑e͒ . All of these choices ͑generally 3ϫ2 for each value͒ are to be regarded as possible relaxation channels. To find the most favorable bond to undergo the SW transformation, along with it's rotation direction, one needs the E* dependence on the 0°-180°-interval.
We have first analyzed the influence of the cylindrical curvature of the CNT by carrying TS calculations for the SW degenerate-rotation bond in a series of (n,n) nanotubes, with nϭ4,5, and 6. We obtained that the intrinsic curvature lowers the SW-TS very little, as E*͓eV͔ϭ10.0-2.9 Å/R ͑Table I͒. On the other hand, an external applied strain leads to a more significant reduction, as E*͓eV͔ϭ9.1Ϫ42.9 for a ͑5,5͒ CNT ͑Table II͒.
To study the chirality effect, we computed E* in the nearly equal radius ͑5,5͒, ͑6,4͒, and ͑10,0͒ CNT series. We found that the negligible load-free -dependence ͑e.g., 9.1 eV in armchair versus 9.4 eV in zigzag͒ becomes rather pronounced under applied . Even at high , well above the strain levels at which the SW formation energy (E SW ) vanishes, the E* are retaining high values. This can be seen, for example, from the E*(ϭ.12) values reported in Table III . When plotted as a function of chirality, our data show a pronounced sinusoidal profile ͓Fig. 2͑a͔͒. As an additional check, we calculated also the SW formation energy E SW (,ϭ0.12), which also displays a sinelike -dependence ͓Fig. 2͑b͔͒, consistent with the D 2h symmetry of the SW defect. This thorough analysis ͑of ϭconstant and RӍconstant) allows us to summarize in one analytical form the E* dependence on chirality, radius, and applied external strain, as: E*͑,R, ͒ϭ10.0Ϫ2.9 Å/RϪ17.5 Ϫ27 sin͑2ϩ46°͒ ͓eV͔. ͑1͒
We can now unambiguously identify the bond orientation and the rotation direction that is most susceptible for the 90°flip, that will ultimately establish the observable SW yield. 2 . ͑Color͒ ͑a͒ SW activation barrier (E*) and ͑b͒ formation energy (E SW ) function of , as obtained from DFT calculations on the ͑5,5͒ CNT equal-radius series under ϭ0.12 external strain; black squares mark data points reported in Table III . The bond color code is same as in Fig. 1͑a͒ and both clockwise ͑dashed lines͒ and counterclockwise ͑solid thin lines͒ rotations are accounted. The positions of the minimal energies, indicated by the down arrows, differ by 8°. on the chirality of the activation barrier for all three distinctive bond orientations, considering for each bond both the clockwise ͑dashed lines͒ and counterclockwise ͑solid thin lines͒ rotations. To guide the eye, the most favorable bondrotation combination is indicated by the thick line. The series of crossover cusps indicate a change in either the rotation direction of a given bond ͑when color is preserved͒ or in the most favorable bond choice ͑when color changes͒. It is also instructive to note that the kinetically favorable bonds lead to relaxation into the most favorable SW states, as can be seen by comparing them with the similar plots based on E SW () of Fig. 2͑b͒ . Restricting the discussion to the ͓0,30°͔, we find that the obtained Evans-Polanyi rule has a shift of only ⌬ϭ8°, which makes the kinetic predictions correlate with the thermodynamic assessment of chirality dependence. Indeed, the highest activation barrier, observed at ϭ0°, corresponds to a maximum in E SW (). Yet, E* attains it's minimum at ϭ22°͓marked in Fig. 2͑a͔͒ , indicating that the CNTs which more prone to the SW yield are closer to the armchair type ͑where E SW has a minimum͒. We can now discuss the observable consequences of these computational results. We imagine an experimental situation in which an (n,m)-CNT is subjected to an increasing external strain, of constant rate . By demanding that the Arrhenius rate cumulative probability,
reaches unity, we obtain the SW nucleation strain SW function of T and experiment duration ⌬t. In Eq. ͑2͒, N B denotes the number of bonds prone to SW flip, i.e., 120LR/nm 2 , and we consider the length of the CNT L to be 1 m. The attempt frequency is taken to be 10 13 s Ϫ1 .
Based on the E* data captured by Eq. ͑1͒, the panels of Fig. 3 illustrate the SW () dependence on experiment duration and temperature. At room temperature, we see that SW () decreases very little as ⌬t is increased from 1 s to 1 year ͓Fig. 3͑a͔͒. In fact, we obtained that the SW nucleation at ϳ0.06 cannot be expected for any reasonable test durations, 7 which explains the much higher experimental yield strains. 3, 4 Due to the high SW-TS values, the observable plastic yield is actually delayed toward the 0.17-0.22 -interval, which includes the experimental value of Demczyk et al. 3 The effect of chirality on SW is evident, and we see that the armchair nanotubes are kinetically more susceptible to SW yield than zigzag ones. To make contact with previous studies, [9] [10] [11] Fig. 3͑b͒ displays the predicted T dependence for several experiments of 1 s duration. We see a substantial SW decrease as T is increased. SW nucleation may be achieved at ϳ0.06 only for Tϳ2000 K.
In conclusion, in a series of DFT calculations, we obtained the dependence of the SW activation barriers on the radius, chirality, and external applied strain of the CNT. Based on these accurate data, we formulated the first quantitative predictions of the CNT plastic yield point, that applies to real laboratory conditions. This work was supported by the Office of Naval Research, and the Nanoscale Science and Engineering Initiative of the NSF, Award No. EEC-0118007. The authors acknowledge the computational support of the DOD Materials Directorate.
